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velocities.3 The development of ultrasound scanning and
other noninvasive methods such as magnetic resonance
angiography and spiral computed tomography may
decrease the importance of selective carotid angiography
as a diagnostic tool in precerebral arteriosclerotic disease.4
A good correlation exists between maximum systolic
blood flow velocities within the ICA stenosis and the out-
come of selective angiography, as long as the patients are
classified in groups representing slight (< 50% diameter
reduction), moderate (50% to 75%), or severe (> 75%)
ICA stenosis.5 However, the measured maximum systolic
blood flow velocity inside a diseased ICA segment may in
some cases substantially deviate from the reported regres-
sion line between blood flow velocity and diameter reduc-
tion. Therefore, the question arose whether collateral flow
compensations by the circle of Willis might affect post-
stenotic blood pressures and blood flow velocities within
the diseased ICA segment.
In a recent retrospective study, we observed an inverse
covariation between the maximum end-diastolic blood flow
velocities within high-grade ICA stenoses and the diastolic
stump pressure (StPd) measured during operation,6 which
is the ICA blood pressure during carotid artery clamping
The large North American and European carotid
artery surgery trials, the North American Symptomatic
Carotid Endarterectomy Trial (NASCET) and the
European Carotid Surgery Trial (ECST), demonstrated
that surgical treatment of symptomatic high-grade internal
carotid artery (ICA) stenosis (ie, 80% diameter reduction
according to the ECST protocol) can prevent stroke.1,2
Usually, the method of choice for detection of carotid
artery disease is duplex ultrasound scanning, by which it is
possible to assess the significance of a carotid artery plaque
by means of its impact on the carotid artery blood flow
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Purpose: The driving force for blood flow through a high-grade stenosis in the internal carotid artery can be expressed
as the pressure gradient over the stenosis itself, which, however, might be reduced by the back pressure exerted by dis-
tal collateral vessels. Theoretically the maximum blood flow velocity as a measure of the functional grade of obstruc-
tion may therefore be lower than what is expected from morphologic gradations of the stenosis. This study was
designed to test prospectively the influence of intracranial collateral vessels on blood flow velocities within high-grade
internal carotid artery stenoses. 
Patients and Methods: Forty-five consecutive patients (age 66 ± 11) with high-grade internal carotid artery stenoses were
investigated before and during carotid endarterectomy. The preoperative investigations included duplex ultrasound
scanning of the neck vessels, transcranial Doppler scanning for assessment of collateral flow to the middle cerebral
artery and angiography. Carotid endarterectomy was performed with patients under deep general anesthesia without a
shunt. Systolic and diastolic internal carotid artery blood pressures were measured before and during intraoperative
cross-clamping (ie, stump pressure) of the carotid arteries.
Results: Within high-grade internal carotid artery stenoses, maximum systolic and end-diastolic blood flow velocities
showed a significant inverse correlation to the corresponding systolic and diastolic stump blood internal carotid artery
blood pressures. All patients with spontaneous collateral flow to the ipsilateral anterior part of the circle of Willis were
divided into a group with relatively high and another one with low end-diastolic blood flow velocities. The stump pres-
sure was significantly lower in patients with high end-diastolic blood flow velocities in spite of the fact that the mean
angiographic grade of stenosis did not differ significantly between the groups.
Conclusions: Flow velocities within a high-grade internal carotid artery stenosis are inversely dependent on the stump
pressure, that is the poststenotic collateral perfusion pressure. This should be taken into consideration in case of dis-
crepancies between angiography and ultrasound outcome. (J Vasc Surg 2001;34:263-8.)
exerted by intracranial collateral vessels. This correlation
was only seen in cases of high-grade ICA stenosis, defined
angiographically as a vessel diameter reduction of > 75%,
that is, when the collateral vessel pathways were probably in
use. Therefore, this prospective study was designed to test
the influence of intracranial collateral vessels on blood flow
velocities within high-grade ICA stenoses. We compared
the morphologic and blood flow velocity data assessed
before operation with intraoperative ICA blood pressure
measurements to elucidate the relationship between blood
pressure and blood flow velocities in high-grade ICA dis-
ease with known collateral flow capacities.
MATERIAL AND METHODS
Forty-five cases of ICA stenosis were consecutively
selected before carotid endarterectomy (CEA) (44
patients, one bilaterally operated, 30 men, aged 66 ± 11
years). Forty-three patients underwent CEA because of
cerebral symptoms from the diseased ICA. Two symptom-
free patients were randomized to CEA within the
Asymptomatic Carotid Surgery Trial (ACST).7 According
to angiography, the mean grade of ICA stenosis was 86%
± 11% on the operated side and 52% ± 27% on the con-
tralateral side. All patients underwent CEA under deep
general anesthesia without the use of a shunt according to
the nonshunting policy of the surgical department. A stan-
dardized anesthetic technique was used by which general
anesthesia was induced with thiopentone (4-5 mg/kg
body weight) and maintained by use of a 30%/70% oxy-
gen/ nitrous oxide mixture, with isoflurane added until a
minimal alveolar concentration level of 1.1 to 1.3.
Ventilation was set to maintain a stable concentration of
end-tidal CO2 of 4.5% ± 0.5%. Fentanyl was used inter-
mittently in doses of 0.001 mg/kg body weight for pain
relief. Muscle relaxation was obtained by use of vecuro-
nium. Dopamine was used to prevent blood pressure fall
during the period of clamping.
Duplex scanning. A few weeks before CEA and on
the day before operation, all patients underwent real-time
duplex scanning3 (Acuson XP; Acuson Corp, Mountain
View, Calif), with a 7-MHz linear two-dimensional trans-
ducer and a 5-MHz pulsed-wave Doppler beam angulated
at 60 degrees against the blood flow vector. Special effort
was devoted to measuring the highest values of the maxi-
mum systolic (Vs) and end-diastolic (Vd) flow velocities
inside the ICA stenosis.
Angiography. At the time of the first duplex investi-
gation, 43 patients underwent selective carotid angiogra-
phy (37 patients), magnetic resonance angiography (5
patients), or computed tomography angiography (1
patient) of the carotid bifurcation. The angiography
results of the two ACST patients were excluded because of
a long time delay between the investigation and CEA. The
morphologic grade of ICA stenosis was reevaluated after
operation by an experienced neuroradiologist (B.B.)
according to the protocol of the ECST.2 The ECST
method expresses the lumen diameter within the stenosis
in percent of the estimated original vessel diameter at the
point of the maximum diameter reduction.
Transcranial Doppler scanning. Three-dimensional
transcranial blood flow mapping (TCD, Transcan; EME,
Überlingen, Germany) for assessment of collateral flow to
the middle cerebral artery (MCA) was performed in all
patients before surgery.8 Approaches through the tempo-
ral bone and the upper orbita were used. Blood flow
velocities and flow directions were measured bilaterally in
the anterior (ACA), middle (MCA), posterior cerebral
(PCA), ophthalmic (OA), and supraorbital arteries.
Spontaneous collateral flows were detected as reversed
flow directions within the ipsilateral ACA or OA/supraor-
bital artery or as increased flow velocities within the con-
tralateral ACA or ipsilateral PCA. Collateral reserve
capacities were detected as a flow velocity increase in the
ACA or PCA on proximal common carotid artery (CCA)
compression (comp-CCA).8,9 We used the TCD-outcome
to define the hemodynamic significance of the ICA disease
(SI). We defined SI as blood flow–limiting stenosis in cases
of spontaneous collateral flow to the MCA. ICA stenosis
without blood flow limitation (NSI) was defined as absent
spontaneous collateral flows in the presence of collateral
reserve capacities in the anterior or posterior communicat-
ing arteries on comp-CCA. In NSI, the blood flow direc-
tion of the OA was considered to be normal.
Blood pressure measurements. During CEA, intra-
arterial systemic systolic (SAP) and diastolic blood pressures
were monitored within the radial artery. After insertion of a
thin needle distally to the stenosis, poststenotic ICA blood
pressures were measured before and immediately after the
CCA and external carotid artery (ECA) were clamped. The
ICA blood pressure during carotid clamping is the so-called
stump pressure (StP). All blood pressures were assessed in
relation to a zero-level 5 cm below the sternal angulus. The
systolic (StPs) and diastolic (StPd) stump pressures were
compared with Vs and Vd, respectively.
Statistics. All values are presented as mean ± SD,
unless otherwise stated. Linear and polynomial regression
analysis according to the least square method was used for
comparison of blood flow and pressure signals. Significance
of differences between groups was tested by means of the
Student t test for independent samples. Statistical signifi-
cance was accepted at a P value less than .05.
RESULTS
Patients with spontaneous collateral flow to the
ipsilateral MCA (group SI). Thirty patients had TCD
signs of hemodynamically significant ICA stenosis because
of spontaneous collateral flow in the ACoA, posterior
communicans artery, or OA. The hemodynamic data of
this group of patients are presented in Table I. Unused
intracranial collateral reserves imply lesser grade of ICA
disease, that is, the grade of stenosis according to angiog-
raphy is significantly lower in the NSI group, and the post-
stenotic systolic pressure (SAPICA) is higher. The systolic
stump pressures (StPs) are not different in the two groups,
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indicating that inducible collateral blood flow capacities
are not different. 
As shown in Fig 1, Vd was significantly correlated to
StPd%, which is the diastolic stump pressure in percent of
the systemic diastolic blood pressure. To a somewhat
lesser degree, Vs was also significantly correlated to the
corresponding StPs% (Fig 2).
The patients with spontaneous collateral flow were
divided into those with relatively high Vd (defined as
Vd/Vs ≥ 45%, group SI:a, n = 10) and those with relatively
low Vd (Vd/Vs < 45%, group SI:b, n = 20). Differences
between hemodynamic data within these two subgroups
are shown in Table II. The systolic blood flow velocity
within the MCA (Vs MCA) did not differ between the
groups, indicating that the sum of blood flow to the MCA
JOURNAL OF VASCULAR SURGERY
Volume 34, Number 2 Zachrisson et al 265
might be equal in spite of various fractions from either the
ICA or collateral pathways. A higher fraction of collateral
flow may be present in group SI:b, as indicated by higher
stump pressures in spite of similar angiographic grades of
stenosis. The poststenotic blood pressures before carotid
artery clamping seem to be higher in group SI:b, which
may also be due to greater collateral vessel contributions.
The level of significance of differences between the groups
may be expected to become higher in larger sample sizes. 
In five patients with symptoms, preoperative investiga-
tions resulted in uncertainties concerning the patency of
the vessel because of low volume flow in the ICA. Surgical
exploration proved ICA patency in all five cases, that is,
ICA blood flows were detected during operation, and
high poststenotic systolic ICA blood pressures (SAPICA =
Fig 1. Linear regression between diastolic flow velocity (Vd) in
ICA measured by duplex scanning day before surgery and dias-
tolic stump pressure (StPd) in ICA as measured during carotid
artery cross-clamping. Diastolic stump pressure is expressed in
percent of systemic diastolic pressure (StPd%). Vd in ICA is sig-
nificantly correlated to StPd% according to linear regression equa-
tion: Vd = -(.03 ± .01)StPd% + (3.6 ± .4), n = 30, P(slope) =.001,
R = 0.72 (± SEE). Figure represents patients with spontaneous
collateral flow to ipsilateral middle cerebral artery, (group SI).
Fig 2. Linear regression between systolic flow velocity (Vs) in
ICA measured by duplex scanning day before surgery and systolic
stump pressure in ICA measured during cross-clamping (ie,
stump pressure). Systolic stump pressure is expressed in percent
of systemic systolic pressure (StPs%). Vs in ICA is significantly cor-
related to StPs% according to linear regression equation: Vs =
–(.07 ± .02)StPs% + (6.40 ± 0.62), n = 30, P(slope) < .005, R =
0.62, (± SEE). Figure represents patients with spontaneous col-
lateral flow to ipsilateral MCA, (group SI). Abbreviations and
patients as in Fig 1.
Table I. Hemodynamic data in patients with and without spontaneous collateral flow to the ipsilateral MCA because
of ICA stenosis
ICA stenosis SAPICA StPs Spontaneous
AI (%)* Vs (m/s)† Vd (m/s)‡ (mm Hg)* (mm Hg)† collateral flow
Group SI (30 patients) 90 ± 8 4.1 ± 1.6 1.7 ± 1.0 76 ± 25 51 ± 20 Yes
Group NSI (15 patients) 77 ± 11 3.2 ± 1.1 1.1 ± 0.4 111 ± 18 55 ± 23 No
Group SI represents the patients with spontaneous collateral flow to the ipsilateral MCA. Group NSI represents those patients in whom spontaneous col-
lateral blood flow was absent. The diastolic and systolic flow velocities in ICA (Vd, Vs) are measured by duplex ultrasound scanning the day before surgery.
The poststenotic pressure in ICA (SAPICA) and the systolic stump pressure (StPs) are measured during operation.
*P < .001.
†NS.
‡P < .05.
78 ± 9 mm Hg) were observed. The poststenotic blood
pressure did not decrease significantly during carotid
artery clamping (StPs = 70 ± 5 mm Hg).
Patients without ipsilateral collateral flow (group
NSI). In these 15 patients (Table I) MCA flow was
totally dependent on the ICA, because spontaneous col-
lateral flow was absent. In 12 patients collateral flow was
induced on comp-CCA. In two patients we could not
observe any collateral flow increase within the circle of
Willis on comp-CCA, but ophthalmic blood flow had nor-
mal flow direction. One patient had spontaneous collateral
flow from the ipsilateral siphon to the contralateral MCA.
In this group, no correlation existed between the respec-
tive ICA blood flow velocities and ICA stump pressures (P
value .8-.9).
Relationship between ICA stenosis, blood flow
velocity, and blood pressure. Fig 3 represents all avail-
able patients (n = 45). Fig 3, A shows a significant corre-
lation between Vs in the ICA and SAPICA in percent of
systemic SAP (SAPICA%), but with substantial scatter
around the regression line. The same is true for the ICA
diameter reduction, as assessed by angiography (n = 43,
Fig 3, B). Fig 4 demonstrates the relationship between
angiography outcome and maximum systolic flow velocity
(n = 43), showing that the same degree of diameter reduc-
tion may be accompanied by a wide variation of Vs. 
DISCUSSION 
Gradation of ICA disease by duplex ultrasonography is
based on Doppler assessment of the maximum systolic
blood flow velocity, which depends on the blood pressure
gradient over the stenosis and which is an established para-
meter for functional assessment of ICA disease.3,5,10 The
diastolic flow velocity increase within the ICA stenosis has
also been used5,11,12 to distinguish low-grade from high-
grade ICA stenosis. However, substantial scatter between
the angiographic and ultrasound findings can be observed
in clinical practice (Fig 4), which can be explained by var-
ious volume flows over the stenosis. Attempts have been
made to correct Vs with respect to CCA13 or poststenotic
ICA flow velocities.14
We propose another reason for Vs variation within
comparable high-grade ICA stenoses, that is, different
blood pressure gradients over the stenosis depending on
the collateral back-pressure as maintained by intracranial
collateral blood flow. We therefore suspect that there is a
risk that duplex investigations might underestimate the
grade of stenosis in cases of high collateral vessel back-
pressures. Our hypothesis was supported by a previous ret-
rospective study6 in which we found a significant
correlation between the diastolic stump pressure and the
maximum end-diastolic flow velocity within ≥ 75% ICA
stenosis,11 that is, in cases where existing collateral path-
ways are expected to be in use.
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Fig 3. All available study patients represented (n = 45). A shows
significant correlation (P < .01, R = 0.39) between maximum sys-
tolic blood flow velocities within VsICA and poststenotic pressure
in ICA as expressed in percent of systemic blood pressure
(SAPICA%). B shows percent diameter reduction in ICA as mea-
sured by angiography (%ICA stenosis, AI) and its correlation to
SAPICA%. Correlation was significant (P < .01, R = 0.41).
Fig 4. Significant correlation (P < .03, R = 0.46) between grade
of ICA stenosis according to angiography (% stenosis, AI) and max-
imum systolic blood flow velocity within diseased ICA segment (Vs
ICA). Spread around regression line is substantial and may be
explained by influence of intracranial collateral flow on Vs ICA.
A
B
In this prospective study, we aimed to evaluate the
influence of intracranial collateral vessels on blood flow
velocities within high-grade ICA stenoses. We aimed to
elucidate whether the collateral back-pressure is an impor-
tant variable for explanation of different findings between
angiography and duplex ultrasound scanning or not. This
is highly interesting because many attempts have been
made to define Doppler parameters for noninvasive selec-
tion of patients suitable for surgical treatments according
to NASCET and ECST.4
This prospective study verified that diastolic and sys-
tolic flow velocities within the ICA were significantly cor-
related to the corresponding stump pressure values in
patients with high-grade ICA disease and recruitment of
intracranial collateral blood flow. Collateral flows can be
detected by TCD, but it is impossible to evaluate the col-
lateral volume flow capacity. Nor can angiography select
patients with poor collateral compensation by means of its
information about diameter reductions. The stump blood
pressure data were therefore our references for good 
or poor collateral flow, whereas the presence or absence 
of spontaneous collateral flow was used for functional def-
inition of hemodynamically significant ICA disease.
According to our definitions, we did not find a correlation
between flow velocities in ICA and the stump pressure in
nonsignificant ICA stenoses, which, however, were
inversely correlated in hemodynamically significant ICA
stenoses with spontaneous recruitment of collateral flow
to ipsilateral MCA. 
Patients with TCD-indicated signs of hemodynami-
cally significant ICA stenosis could be divided into those
with high diastolic flow velocities in the ICA (defined as
Vd/Vs ≥ 45%) and those with low diastolic flow velocities
in the ICA (defined as Vd/Vs < 45%). Patients with high
diastolic flow velocities in the ICA had significantly lower
poststenotic collateral perfusion pressures (ie, stump pres-
sures) than those who were characterized by relatively low
diastolic blood flow velocities. 
We therefore postulate that the blood pressure gradi-
ent over a high-grade ICA stenosis might be less than
expected from the actual diameter reduction because of
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poststenotic blood pressure equilibrium by means of a
variable collateral blood flow and pressure input through
intracranial poststenotic collateral vessels. The collateral
blood pressure oscillation around its mean value is often
dampened, which is followed by relatively high systolic
blood pressure gradients and high systolic flow velocities
within the stenosis. However, the higher the mean collat-
eral pressure is, the lower the maximum systolic flow
velocity becomes. 
The end-diastolic pressure gradient over the ICA
stenosis might become low or even close to zero at high
collateral blood pressures, which could be the reason for
relatively low blood flow velocities at end diastole.
Therefore, in severe ICA disease, relatively low systolic
and even lower end-diastolic flow velocities might indicate
significant collateral flow compensation for reduced vol-
ume flow through the stenosis.
Conversely, a very low mean collateral pressure may
result in high systolic and diastolic blood pressure gradi-
ents combined with high Vs and, especially, high Vd.
Consequently, maximum blood flow velocities within an
ICA stenosis are modulated by distal collateral blood flow,
which implies that functional gradations of ICA disease
may result in underestimated diameter reductions in cases
of well-compensating collateral flows. Vice versa, relatively
high Vd (ie, Vd/Vs ≥45%) is probably a sign of limited col-
lateral flow compensations to the MCA.
Assuming that the pressure decrease over the stenosis
might reliably mirror the grade of stenosis, one would
have expected a high correlation between poststenotic
blood pressure changes and the corresponding diameter
reductions or blood flow velocities. However, a substantial
spread of blood flow velocities and diameter reductions
against the poststenotic blood pressure drop was seen,
which may partially depend on the study protocol, because
duplex ultrasound scanning and angiography were per-
formed before operation in the conscious patient, but
blood pressure measurements were obtained during oper-
ation with the patient under general anesthesia. General
anesthesia might induce cerebral vasodilation, which
might affect the pressure gradient over the ICA stenosis.15
Table II. Hemodynamic data in patients with flow-limiting ICA stenosis, that is, with signs of collateral flow to the
ipsilateral MCA
Group SI:a Vd /Vs ≥ 45% Group SI:b Vd /Vs < 45%
Stenosis AI (%) 88 ± 8 (10) 91 ± 8 (20) NS
VsICA (m/s) 5.0 ± 0.6 (10) 3.6 ± 1.8 (20) P < .03
VdICA (m/s) 2.6 ± 0.5 (10) 1.2 ± 0.8 (20) P < .001
VsMCA (m/s) 0.6 ± 0.3 (10) 0.6 ± 0.2 (19) NS
DAPICA (%) 66 ± 19 (10) 83 ± 23 (20) P = .054 
StPd (%) 45 ± 13 (10) 70 ± 21 (20) P < .003
SAPICA (%) 44 ± 18 (10) 58 ± 15 (20) P <.04
StPs (%) 24 ± 8 (10) 41 ± 15 (20) P <.003
Abbreviations as in Table I. The patients are divided into two groups, those with Vd/Vs ≥45% (group SI:a) and those with Vd/Vs <45% (group SI:b). Systolic
and diastolic ICA pressures before and during carotid artery clamping are given in percent of the corresponding systemic blood pressures (SAPICA%,
DAPICA%, StPs%, StPd%).
Within very tight stenoses, Spencer and Reid16
observed reduced Doppler frequencies, which they
explained by turbulence, which may lead to inaccurate
prediction of the severity of disease. Our material also con-
tained severe ICA disease with very low blood flow veloc-
ities (low volume flow signals), which are difficult to
detect and might result in false reports of ICA occlusions.
We experienced five symptomatic cases in this material in
whom preoperative testing (duplex scanning and various
angiographic techniques) gave contradictory information
concerning the patency of the vessel. In each patient,
patency of the ICA and high poststenotic blood pressure
were proven during surgery. Blood flow over the stenosis
seemed to be almost inhibited by the effectiveness of post-
stenotic collateral vessels, resulting in very low or unde-
tectable flow velocities or insufficient contrast media
concentrations. However, in 4 of these 5 patients, CEA
was successfully performed. The opposite seems also to be
true, because one may find very high flow velocities in
patients with a lack of collateral vessels according to TCD.
Conversely, the problem of overestimation of an ICA
stenosis because of contralateral severe/occlusion of the
ICA has also been addressed.17,18 Busittil et al17 reported
that blood flow velocity within one ICA slowed down
both in systole and in diastole after contralateral CEA.
This supports our hypothesis on interactions between
ordinary and collateral flows, because contralateral volume
flow might decrease after ipsilateral CEA as a result of nor-
malized blood flow within the anterior cerebral arteries
and their communicating artery.
We conclude that flow velocities within high-grade
ICA stenoses vary depending on the collateral perfusion
pressure. Whenever discrepancies between angiography
and ultrasonography occur, compensatory collateral flow
mechanisms should be taken into consideration.
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